A retrospective analysis of results from 114 initiated in-vitro fertilization cycles utilizing pronuclear embryo transfer is presented. Patients were unselected for age or infertility criteria, constituted a continuous series and were grouped according to response to stimulation (Group 1, ideal; Group 2, suboptimal) or ovarian reserve (Group 3, poor). At 16-18 h post-insemination, embryos were scored for alignment of pronuclei and nucleoli and the appearance of the cytoplasm, generating an embryo score (ES). Transfers were performed 24-26 h post-insemination using two to six embryos with the highest ES. A corrected score was calculated (total score/number of embryos; CS). A total of 114 initiated cycles resulted in 97 oocyte retrievals with 38 clinical pregnancies (39%; 15% implantation). Pregnancy rates were significantly different between the three groups; 37 pregnancies in Group 1 (55% clinical pregnancy; 20% implantation), none in Group 2 and one in Group 3 (6%; 2% implantation: P Ͻ 0.001). The ES of transferred embryos correlated with groups. There was a strong correlation between CS and implantation and delivery rates. CS Ͼ15 resulted in a 28% implantation; 65% delivery rate. CS Ͻ14 resulted in four pregnancies, one delivered. The data show that oocyte quality and pronuclear embryo morphology are related to implantation and that pronuclear embryos can be successfully selected for embryo transfer.
Introduction
In-vitro fertilization (IVF) and embryo transfer programmes are generally patterned on the model established by Edwards et al. (1980) . Embryos are usually transferred to the uterus as cleavage stage embryos on the second day after retrieval and insemination. There has recently been a trend to culture the embryos for one or more additional days in order to select *Presented in part at the 52nd annual meeting of the American Society for Reproductive Medicine, Boston, MA, USA, November 2-6, 1996. more advanced and better quality embryos for improving pregnancy rates (Dawson et al., 1995) . Alternately, zygotes have been placed in co-culture and transferred on day 3 (Wiemer et al., 1989) or as blastocysts (Janny and Ménézo, 1996) in order to improve pregnancy and implantation rates.
After initiating the programme at Sinai Hospital in the autumn of 1992, there were certain instances where, for religious considerations, day 2 embryo transfers were not feasible. We elected to perform pronuclear stage embryo transfer, 1 day after oocyte retrieval rather than day 3 transfers. The decision to use this technique was based on previous reports of success (Ahuja et al., 1985; Quinn et al., 1990; Smith et al., 1993) .
As the programme proceeded into 1993 and more pronuclear transfers were performed, it became clear that this was a viable and easy option for IVF, resulting in clinical pregnancy and delivery rates equal to or greater than those reported for day 2 and day 3 transfers (Dawson et al. 1995; Assisted Reproductive Technology results 1994 , published 1996 Katz et al. 1996) .
This study retrospectively analysed the data from 114 initiated cycles of IVF in which pronuclear embryo transfers were planned. Pronuclear embryos were transferred to the uterus at 24-26 h post-insemination [63-70 h post-human chorionic gonadotrophin (HCG)]. The embryos were generated from IVF and cultured in a modified media system Scott and Whittingham, 1996) . Embryos were selected for transfer according to certain pronuclear morphological features that had previously been shown to be correlated with increased pregnancy rates (Van Blerkom, 1990; Wright et al., 1990) .
Materials and methods

Media
Media were from two sources. Two-thirds of IVF procedures utilized a modified 'in-house' medium made from salts and tissue culture water (W 3500) (Sigma Chemical Company, St Louis, MO, USA). A modified Earle's balanced salt solution without inorganic phosphate, supplemented with pyruvate (0.33 mM), glutamine (1.0 mM) and glucose (0.5 mM), was used for IVF and sperm preparation (insemination medium) and this same medium with EDTA (0.11 mM) was used for embryo culture Scott and Whittingham, 1996) . The media were made from concentrated stock solutions the day before use, gassed with 5% oxygen, 5% carbon dioxide and 90% nitrogen for 10 min, supplemented with 3% synthetic serum supplement (Irvine Scientific, Irvine, CA, USA) or human serum albumin (HAS) (In Vitro Care, San Diego, CA, USA) passed through a 0.22 µm filter and placed in the incubator for overnight equilibration. The formulated media were never refrigerated in order to avoid precipitation of the salts or oxidation of the pyruvate (Wales and Whittingham, 1971) . No HEPES-buffered media were used in any procedures, to avoid subjecting both oocytes and embryos to a low bicarbonate environment, which has been shown to be detrimental to both mouse (Carney and Bavister, 1987) and hamster embryos (Farrel and Bavister, 1984) . A commercially available medium, Q-HTF (In Vitro Care), was used in the remaining third of IVF procedures.
Light mineral oil (Sigma, M-3516) was washed with modified insemination medium and gassed for 15 min. It was then decanted into clean sterile containers and fresh medium placed in the container as an underlay. These containers were stored in the incubator for at least 24 h prior to use.
Patients
All patients in the programme who were intended for pronuclear embryo transfer are included in the descriptive analysis, regardless of age or infertility type. All women entering the IVF programme had been infertile for between one and 10 years. Infertility diagnoses included Fallopian tube disease, endometriosis, male factor, oligoovulation and unexplained infertility in decreasing order of frequency. All women for whom interuterine insemination was a treatment option had previously failed to conceive by this method. Ovarian reserve was determined by cycle day 3 follicle stimulating hormone (FSH) and oestradiol assays. Poor ovarian reserve was defined as elevated serum FSH concentrations, which were Ͼ25 mIU/ml when utilizing an assay standardized to the 2nd IPR HMG or Ͼ10 mIU/ml for assays utilizing the World Health Organization 2nd IPR 78/549, and/or oestradiol concentrations Ͼ100 pg/ml.
Induction of ovulation
All women received gonadotrophin-releasing hormone (GnRH) agonist down regulation beginning in the mid-luteal phase. Either intranasal nafarelin acetate (Searle Pharmaceuticals, Chicago, IL, USA) 200 µg twice daily or s.c. leuprolide acetate (Tap Pharmaceuticals, Deerfield, IL, USA) 0.5 mg twice daily was used to achieve pituitary-ovarian suppression, which was documented by a serum oestradiol concentration Ͻ50 pg/ml and a baseline transvaginal ultrasound examination showing endometrial thickness Ͻ7 mm. Human menopausal gonadotrophins (Pergonal, Serono, Norwell, MA or Humagon, Organon, West Orange NJ, USA) and/or urofollitropin (Metrodin; Serono) were administered i.m. beginning on day 2. Ovarian stimulation was monitored by daily serum oestradiol concentrations and transvaginal follicle ultrasound measurements after day 6. Dosages were adjusted according to follicular response. HCG 10 000 IU was administered when two leading follicles exceeded 18 mm mean diameter and half of the remaining population of follicles exceeded 15 mm. The GnRH agonist was discontinued on the day of HCG administration.
The daily oestradiol was monitored and plotted on a semi-log graph. The oestradiol concentrations were maintained within a band that was previously established from~200 cycles of a similar stimulation protocol conducted in one author's (L.S.) prior institution ( Figure 1 ). The band was defined by the upper and lower values from cycles with successful pregnancies.
After embryo transfer, progesterone supplementation was initiated on the fourth morning after oocyte retrieval, most commonly by sublingual troches. Patients not at risk of severe ovarian hyperstimulation syndrome usually received a single HCG boost of between 1500 and 2500 IU, 5-7 days after oocyte retrieval.
Oocyte retrieval
Transvaginal oocyte retrieval was performed 35-36 h post-HCG under i.v. sedation using a 17 gauge single lumen needle. After visualization of the oocyte-cumulus complex (OCC) in the follicular Figure 1 . Oestradiol concentrations seen in Group 1 (ideal response) and Group 2 (suboptimal response) compared with the range of concentrations observed in a group achieving pregnancy following a stimulation protocol. j Upper and lower limits of pregnancy group. u Even oestradiol curves, Group 1. e Uneven oestradiol curves, Group 2. fluid, each was picked up with a flame polished Pasteur pipette, washed through 2 ml of medium and placed in a 1 ml holding drop of insemination medium under oil in the incubator. At the conclusion of the retrieval, the oocytes were placed in individual 0.1 ml drops of insemination medium under an oil overlay. If an oocyte had a large cumulus mass (Ͼ1 cm in diameter) the bulk of this was gently removed using glass needles. All manipulations were carried out under oil and on a heated microscope stage.
Sperm preparation and insemination
The sperm sample was collected after the oocyte retrieval and at least 2 h prior to insemination. The sample was allowed to liquefy, a basic semen analysis was performed (volume, sperm concentration, motility, morphology) and the sample was then separated using a three-step (40, 60, 80%) mini-Percoll gradient (Ord et al., 1990) . The sperm pellet was washed once and placed under 1-3 ml media, depending on original sperm concentration and expected recovery, and allowed to swim up for 60-90 min. The swim-up fraction was gently removed and analysed for sperm concentration, motility and morphology. The sample was diluted to a concentration of 10 3 motile spermatozoa in 10 µl. If the post-preparation morphology of the spermatozoa was Ͻ15% normal form, based on Kruger's strict criteria (Menkveld et al., 1990) , 2ϫ10 3 spermatozoa were used. These spermatozoa were added to the drops containing the oocytes using a sterile, pyrogen free pipette tip (Elkay Products, Shrewsbury, MA, USA). 
Embryo scoring
At 16-17 h post-insemination, the remaining cumulus-coronal cells were stripped from the pre-embryos using a washed, sterile, pulled Pasteur pipette to allow visualization of their nuclei. The pre-embryos were placed in individual 10 µl drops of medium under oil and scored on an inverted microscope with Hoffman differential contrast optics at magnifications of ϫ320 and ϫ500. Video documentation of the embryos was performed during this inspection and was used later for embryo scoring purposes. Inspection and scoring were repeated at 22 h post-insemination and prior to embryo transfer (22-26 h-postinsemination) for signs of pronuclear membrane breakdown and early cleavage.
Initially, only the alignment of nucleoli at the junction of the two pronuclei was considered a selection criterion for embryo transfer (Wright et al., 1990 ) (see Figure 2a , b). As more pregnancies were 1005 obtained, it became clear that the appearance of the cytoplasm was also important. An empirically derived scoring system was devised in 1995, after which time all embryos were scored prospectively. Embryos from earlier procedures were retrospectively scored from archived videos and photographs.
Pre-embryos were judged as fertilized if there were two pronuclei and two polar bodies present. Fertilized pre-embryos were then scored for certain characteristics (Figure 2 ). If at 16-17 h post-insemination the pronuclei were close or aligned, they were assigned a score of 5. If the pronuclei were well separated or were very unequal in size, they were given a score of 1 and not used in embryo transfer unless they were the only ones available. The positioning of the nucleoli was scored as follows: aligned in a row at the pronuclear junction, score 5 (Figure 2a , b, e, f, i); beginning to align, score 4 (Figure 2d , h) or scattered, score 3 (Figure 2d, g, h) . The cytoplasm was scored as follows: heterogeneous in appearance with a clear halo around the edges, occasionally with a clear area in the centre around the pronuclei and a darkened ring/halo in the middle, score of 5 (Figure 2a , b, i). Embryos with a clear homogeneous cytoplasm, (Figure 2d , e, f) or a pitted and/or darkened cytoplasm (Figure 2g , h) scored 3. At 24-26 h, the time of embryo transfer, some embryos had progressed to nuclear membrane breakdown and some had cleaved to the two-cell stage. These were assigned an additional score of 10. Embryos that were advancing rapidly also began to lose the halo effect and the cytoplasm became homogeneous when there was complete nuclear membrane breakdown (Figure 2c ). From this, a score was allocated to each embryo. Thus, the maximum score an embryo could receive was 15 at 16-18 h post-HCG and 25 at 24-26 h post-HCG. The minimum score was 7. At 24-26 h post-insemination, 1 day after oocyte retrieval, two to six pre-embryos with the highest score were transferred transcervically to the uterus of the woman. The sum or total score of the embryos transferred was calculated and divided by the number of embryos transferred to give the corrected score (CS). A serum quantitative HCG concentration was determined 15 days after embryo transfer. If a positive pregnancy test was obtained, the presence and number of clinical pregnancies was documented at 5-6 weeks after embryo transfer using transvaginal ultrasound. Pregnancy and implantation rates were calculated from clinical pregnancies.
Embryo culture and cryopreservation
Any fertilized pre-embryos that were not used for embryo transfer were placed in embryo culture medium. Pronuclear embryos were frozen if they had aligned nucleoli (Wright et al., 1990) and were Ͻ20 h post-insemination (Balakier et al., 1993) . All other embryos were cultured for a further 20-50 h and frozen as cleaving embryos if they had few fragments, distinct blastomeres and were at the appropriate cell stage for the time post-insemination. Pre-embryos were frozen in 0.5 ml plastic cryo-straws utilizing propanediol and sucrose (Renard and Babinet, 1984) .
Results
Overall results
A total of 114 cycles was initiated in 65 women. Of these, 97 resulted in oocyte retrievals and 17 were cancelled due to either poor or excessive response by day 6 or 7 (15% cancellation rate). A total of 92 pronuclear embryo transfers was performed on 65 women; five procedures (five women) resulted in no fertilization (see Table I ). This resulted in 32 women with delivered or ongoing pregnancies (Ͼ20 weeks gestation at time of writing) (49% of patients). Only one of 11 women with poor ovarian reserve became pregnant (9%; P Ͻ 0.001 versus total group) (see Table II ; Group 3). The 'poor ovarian reserve' group resulted in 15 oocyte retrievals (7% PR of oocyte retrievals; P Ͻ 0.001 versus total group).
Six women (seven cycles) were 40 years of age or greater. Four of these had normal ovarian reserve and two had abnormal ovarian reserve. None of these women achieved a pregnancy (Table I ). There was no difference in the numbers of oocytes retrieved, fertilization rate or numbers of embryos transferred in the ഛ39 versus ജ40 year age groups.
Of the 38 clinical pregnancies, six ended in first trimester miscarriages and four others had spontaneous reduction of multiple gestations prior to the end of the first trimester. The 32 delivered/ongoing pregnancies represent 28% of initiated cycles and 33% of oocyte retrievals. There were eight sets of twins and one set of triplets. The implantation rate was 15% overall with 12% born or currently ongoing pregnancies Ͼ20 weeks. There was no difference in the fertilization, implantation or pregnancy rates resulting from insemination and embryo culture in the two different media. There was also no difference in any parameter with the different medications used.
Cycle groups
Patients were grouped into three separate groups. Group 1 had oestradiol curves that were within the previously determined band and whose slopes ran parallel to the band. A gradual plateau at the top of the slope on the day preceding HCG was acceptable as Group 1 (see Figure 1a) . Group 2 had oestradiol curves that were outside of the band (above or below) or within the band but with a plateau or dip in the curve between day 6 and 9 of stimulation (Figure 1b ). There were only 15 cycles in this group, since these cycles were usually cancelled based on prior experience of their poor outcome in a larger study (L.Scott, unpublished data) . Patients who continued on a Group 2 pattern were either those for whom this was the normal pattern regardless of stimulation or who came through early in the series. Patients who had poor ovarian reserve were analysed separately and designated as Group 3.
Of the 97 oocyte retrievals, 67 cycles had a Group 1 pattern of stimulation and 15 a Group 2 pattern (Table II) . Those women with poor ovarian reserve, Group 3, constituted 15 cycles, of which three had type 1 oestradiol curves and 12 had type 2 patterns. There was no significant difference in the mean ages of these groups. There was a decrease in fertilization in Group 3 compared with Group 1 and 2 (P Ͻ 0.05) and fewer embryos transferred in this group. There was a significant difference in the pregnancy rates between Group 1 and Group 3 (55 versus 6%; P Ͻ 0.0001) with no pregnancies obtained in Group 2. The one pregnancy achieved in Group 3 was from a patient with a type 1 oestradiol curve. This ended in a miscarriage at 10 weeks of gestation with the fetus displaying chromosomal anomalies (trisomy 18). This patient had elevated day 2 oestradiol and borderline FSH concentrations, although she was only 35 years old.
Frozen-thawed cycles
Frozen-thawed embryos were transferred in the subsequent cycles of certain patients who did not conceive following fresh embryo transfer. These cycles resulted in a further three pregnancies in nine women (3/16 cycles; 19% PR). A total of 87 embryos was thawed, of which 61 (70%) survived and cleaved in vitro prior to transfer. Sixty of the surviving embryos were transferred, resulting in three live born (5% implantation). Two pregnancies arose from the cryo-thaw of pronuclear embryos and one from cleaving embryos. All three pregnancies resulted from embryos derived from Group 1 cycles.
Embryo score
When the programme initially started, the only parameter used for pronuclear embryo selection was that of nucleoli alignment. As more pregnancies were obtained it became evident that the cytoplasmic appearance of the pre-embryos was also important. When the corrected embryo score (CS) for all transfers was plotted against groups (Figure 3) , it became clear that there was a positive relationship between the CS and pregnancy (Figure 3 and Table III ). The lowest CS resulting a pregnancy was 14. However, of the four clinical pregnancies with a CS of 14, only one is ongoing (30 weeks at the time of writing). The CS for Groups 1, 2 and 3 were significantly different with Figure 3 . Relationship between corrected embryo score, group and implantation. u Group 1, even oestradiol curve; j Group 1, pregnant; s Group 2, uneven oestradiol curve; n Group 3, poor ovarian reserve; m Group 3, pregnant. a preponderance of lower scores in Group 2 and 3 versus Group 1 (P Ͻ 0.001 ANOVA). If the CS was 15 and greater, the pregnancy rate was 71% compared with 8% for lower CS (P Ͻ 0.001), with an overall implantation rate of 28% (Table  III) . There was a significant difference in the mean CS between patients grouped according to the two oestradiol patterns, poor ovarian reserve, pregnancy and non-pregnancy and those patients that achieved pregnancy but had a complete miscarriage (P ϭ 0.001, ANOVA) (Table IV) . When the embryo scores for all embryos available for transfer for each patient were tabulated, it became clear that patients fell into different overall categories. Some had all high scoring embryos, others had all low scoring embryos and many had a mixture. In patients with Ͻ50% high scoring embryos (score 15), only one pregnancy was achieved (data not shown), regardless of the number of available embryos (ANOVA P ϭ 0.001). Certain patients routinely had low scoring embryos and even after multiple attempts at IVF, did not achieve a pregnancy. Women aged Ͻ35 years had higher scores than older patients or those with poor ovarian reserve (P ϭ 0.001 ANOVA). There was no relationship between embryo score and stimulation protocol.
Number of embryos transferred
Women aged Ͻ30, 30-35, 36-39 and Ͼ40 years received up to three, four, five or six embryos respectively during their first IVF attempt. Women who had failed three IVF attempts received up to six embryos, if available, in their fourth cycle. No patient underwent more than four cycles.
Since it has been shown that there is a relationship between numbers of embryos transferred and pregnancy, these data were analysed with respect to CS (Figure 4) . The one set of triplets resulted from the transfer of four embryos to a 37 year old woman on her first IVF attempt. The twin deliveries were from two women Ͻ30 years on their first attempt who had three embryos replaced, four women Ͻ30 years on their second or third attempt who had four embryos replaced and two women Ͼ35 years who had four embryos replaced (one first cycle and one second cycle). The data showed that, although there appeared to be a positive relationship between numbers of embryos transferred and implantation, it depended more on CS. An embryo transfer using two maximum scoring embryos was more likely to yield a pregnancy than one with five low scoring embryos (P ϭ 0.001).
Discussion
The data presented here show that it is feasible to utilize pronuclear embryo transfers as a routine clinical procedure with resultant high implantation and pregnancy rates (39% of retrievals; 41% of ET) in an unselected group of women. The delivery rate per oocyte retrieval was 33% with~16% of 1008 clinical pregnancies resulting in a complete miscarriage (6/ 38). Pronuclear embryos can be successfully selected for transfer based on the positioning of their pronuclei, the alignment of their nucleoli and the appearance of their cytoplasm; CS Ͼ15 were associated with high rates of implantation (28%) and successful pregnancies (65%). Further, the ability of an embryo to implant was influenced by oocyte quality (Group 1 versus Groups 2 and 3) with a 48% delivery rate per retrieval (20% implantation) for Group 1 curves.
These data compare favourably with reports of day 2 and day 3 embryo transfers utilizing similar culture techniques. Katz et al. (1996) reported an 11% implantation rate with 30% pregnancy rate in a large series of patients receiving day 2 embryo transfers. Using day 3 rather than day 2 transfers has been cited as a way of selecting more advanced, better quality embryos for transfer which could result in higher implantation and pregnancy rates (Dawson et al., 1995) . These authors demonstrated that delaying embryo transfer until day 3 increased embryo implantation rates from 19 to 23%, the likelihood of an embryo leading to a delivery from 11 to 14% and the delivery rate per oocyte retrieval from 25 to 28% compared with day 2 transfers. The data presented for pronuclear embryo one day after retrieval (15% implantation; 12% live born; 33% delivery rate per oocyte retrieval) are comparable to these results. There was a difference in the percentage of early pregnancies that were lost in the data presented here and those of Dawson et al. (1995) . This could be due to the fact that only those implantations that had documented heart beat were counted as a clinical implantation in this study. It could also be due to fewer implantations being lost as a result of the cumulative adverse effects of extended culture on embryo quality, as suggested by Edwards et al. (1984) . Scholtes and Zeilmaker (1996) attained implantation and pregnancy rates of 13% and 26% after day 3 or 12 and 25% after day 5 transfers.
Co-culture has been cited as a means of increasing both pregnancy and implantation rates. The benefits of co-culture have been attributed to the ability of the feeder cells to either promote embryo growth by 'positive conditioning' of the medium by providing essential growth factors or through 'negative conditioning' by removal of deleterious substances from the medium (Bongso et al., 1993) . The data presented here for pronuclear transfers give results comparable with those of several prospective randomized trials that utilized coculture and day 3 transfers. Wiemer et al. (1989) demonstrated a 19% implantation rate and 35% delivery rate per embryo transfer using bovine oviductal cells. Freeman et al. (1995) demonstrated slightly higher rates utilizing autologous granulosa cell co-culture (23% implantation; 43% delivery rate). The use of co-culture and blastocyst transfer has been shown to increase both the pregnancy and delivery rate per embryo transfer (Janny and Ménézo, 1996) . These authors reported an implantation rate of 21-27% (mean 23%) and a delivery rate of 22-29% (mean 28%) depending on age.
These reports indicate that extended embryo culture to day 3 or 5 allows the selection of more advanced embryos with resultant increased implantation rates, but no significant increase in delivery rates, compared to those obtained with pronuclear embryo transfer one day after oocyte retrieval (33%) or traditional day 2 embryo transfers. Although more pronuclear stage embryos were transferred (mean 3.7 embryos) compared with the number of embryos transferred on day 3 or as blastocysts, our series showed a 26% multiple pregnancy rate, comparable to rates of 23-47% reported by others (Dawson et al. 1995; Freeman et al. 1995; Janny and Ménézo, 1996) . The fact that more embryos are transferred when using pronuclear transfer is a negative aspect of this method. However, as this procedure has evolved, we have become more adept at selecting appropriate embryos. Subsequently, fewer embryos are now being transferred, especially to younger women, which should further reduce the number of multiple pregnancies.
Although normal ovarian reserve and the response to ovarian stimulation (Group 1 versus Group 2 patterns) contributed to success, embryo morphology had the greater predictive value. No successful pregnancies were achieved unless the preembryos transferred demonstrated apposition of the nuclei, alignment of the nucleoli and the differential 'halo' effect in the cytoplasm. Patients who had no embryos with this morphology did not achieve any clinical pregnancies. The one term pregnancy obtained in which the CS was 14 was in a 38 year old woman on her third IVF attempt. Six embryos were replaced, two of which had a score of 15 at pronuclear check and which had undergone nuclear membrane breakdown by 24 h post-insemination, the time of embryo transfer. The remainder of the embryos were low scoring. It was also observed that embryos that displayed poor pronuclear morphology did not cleave as evenly or as fast as those displaying all three characteristics described above when left in culture for an additional 24 h prior to cryopreservation. Half of the patients had a corrected embryo score Ͼ15 resulting in a delivery rate of 65% (23% delivered/ongoing implantation rate). Puissant et al. (1987) and Steer et al. (1992) have previously shown a correlation between the number of embryos with optimum morphology (number of blastomeres, even size, lack of fragmentation) and implantation and pregnancy rates. The data presented here indicate that this may also be true for pronuclear transfers. There was also a relationship between pregnancy and the rate of development of the pronuclear embryos, as has been shown previously by Shoukir et al. (1997) . Patients with embryos that underwent nuclear membrane breakdown and cleavage by 24-26 h post-insemination had higher pregnancy rates. Payne et al. (1997) have shown a 'cytoplasmic wave' and a 'withdrawal of cytoplasmic organelles from the cortex towards the centre of the oocyte' in human oocytes undergoing ICSI and recorded with time lapse video recording. These features were associated with high implantation rates. Their findings in those embryos that progressed normally, in terms of the appearance of the cytoplasm and the alignment of the nucleoli at the juxtaposition of the pronuclei, are the same as reported here. In fact, patients who routinely had no embryos displaying these characteristics did not become pregnant.
The normal progression of events in the pronucleus is the alignment of the nucleoli at the pronuclear juxtaposition. Delayed or failed alignment of pronuclei and nucleoli was associated with delayed or failed pronuclear membrane breakdown and cleavage to the two-cell stage (Van Blerkom, 1990) . Van Blerkom et al. (1995b) have shown that spermatozoa interact with the cytoplasm in a very specific and highly polarized manner with subtle defects in this cellular and nuclear organization, leading to developmental failure. There is new evidence emerging that the human oocyte and embryo is polarized and proceeds through a sequence of highly organized spatial events in normal development (Gardner, 1996; Edwards and Beard, 1997) . If the plans for these patterns do not exist or are disrupted, abnormal development will result. The data presented here support this idea, showing an association between the morphology of the embryo at the pronuclear state and developmental potential. Embryos with good morphology are possibly those with the correct spatial arrangements and polarization. These embryos do cleave faster and result in the 'best' day 3 embryos for transfer. It is therefore possible to select higher quality pronuclear stage embryos and not keep them in culture for a further 48 h which could potentially slow them down and compromise them.
Mitochondrial clustering around the pronuclei has been observed in mice (Von Blerkom and Runner, 1984; Muggleton Harris and Brown, 1988; Tokura et al., 1993) and hamster models (Barnett et al., 1996) . Specific translocations of the mitochondria, mediated by microtubules, to a central location near the nuclei was observed in fertilized one-cell zygotes, and was vital for normal development. This effect can be detected by specific fluorescent labelling of the mitochondria or in the hamster by phase contrast level. Since mitochondria are the site of ATP generation, it is probable that this movement is related to the metabolic needs of the embryo, so that mitochondria accumulate at the sites where maximum energy is required. Van Blerkom et al. (1995) have shown that the ATP content of human oocytes and embryos can vary greatly. However, the transfer of embryos from cohorts in which the non-transferred embryos had higher ATP contents (Ͼ2 pmol/ oocyte) was more likely to lead to implantation and a successful pregnancy. Taken together, these data would suggest that both the absolute amount of ATP and the location of the mitochondria within the developing zygote are vital for its continued ability to develop. The 'halo' effect or perinuclear condensation of the cytoplasm quite clearly seen with differential contrast optics in this study of human pronuclear embryos was associated with high implantation rates, and may be due to mitochondrial relocations in the normal progression of zygote development.
The need for good quality oocytes is essential for successful IVF. In many instances, those patients displaying a plateau or drop in oestradiol concentration prior to day 9 also had a concomitant plateau in follicle size on that day, and none achieved a pregnancy. Similarly, only one woman with poor ovarian reserve achieved a pregnancy, and this ended in a miscarriage. A plateau or drop in estradiol may be linked to alterations in granulosa-thecal cell function which will adversely affect oocyte and embryo quality. A decrease or plateau in oestradiol suggests that a large number of the follicles have stopped growing or suffered some insult. This could be due to a reduced or limited blood supply to the follicle, degeneration of the granulosa and cumulus cells (Hillier, 1985) , decreased numbers of granulosa cells in the follicle (Moor et al., 1978) or reduced levels of metabolism of the granulosa cells (McNatty and Baird, 1978) with reduced secretion of oestradiol (Moore et al., 1978) , all features seen in degenerating follicles. The data presented here suggest that oocytes originating from follicles in which there was an uneven oestradiol rise during the follicular phase have extremely poor developmental potential even though many of them appear mature, become fertilized and may have the desired pronuclear cytoplasmic and nuclear morphology.
The oocyte is enclosed within the follicle by cumulus cells, which provide it with a unique and isolated environment (Gregory and Leese, 1996) . Hence, any disruption of this environment or early maturation of the oocyte may have a profound influence on the ability of that oocyte to become fertilized and undergo fetal development. Oocyte maturation with germinal vesicle breakdown occurs when the flow of meiosis-arresting substances to the oocyte via the gap junctions is decreased. In atretic follicles oocytes may mature due to the breakdown of their gap junctions, in much the same way that oocytes isolated from the follicle will spontaneously mature in vitro (Shim et al., 1992; Downs, 1995) . These data are consistent with the oestradiol-influenced increases in the number of gap junctions in the developing follicle (Merk et al., 1972) , which are essential for oocyte maturation (Eppig, 1990) .
Fluctuating oestradiol concentrations may also adversely affect the endometrium. Changes, fluctuations or unphysiological concentrations of oestradiol have been shown to contribute to failure of implantation (Anderson, 1985; Rogers and Murphy, 1989 ) which may be due in part to abnormal endocrine influences on receptor density (Ravindranath and Moudgal, 1989) and other physiological events of proliferating endometrium (Psychoyos, 1976; Lopata, 1996) . Thus, uneven oestradiol curves may affect both the quality of the oocytes and subsequent embryos and of the endometrium into which the embryos will implant.
The uterine environment of most mammalian species studied has a narrow time span in which it can accommodate an embryo. The blastocyst stimulates site specific changes (Psychoyos, 1993 ) making a local part of the endometrium 'receptive' to the implanting blastocyst (Lopata, 1996) . The time period over which a blastocyst can stimulate the endometrium to become receptive is known as the 'implantation window'. Prior to this implantation window, the necessary changes have not occurred in the endometrium and it is unable to respond to the blastocyst. After the period of the implantation window, the endometrium again becomes unresponsive to the blastocyst which will therefore be unable to implant. In most mammalian species studied the uterine environment is hostile to any stage of preimplantation embryo outside this 'window' (McLaren, 1985) . In mice and rats, the transfer of precompacted embryos to the uterus prior to the 'window' results in embryo death. After the implantation window, the uterine environment rapidly becomes hostile or toxic, and embryos delayed in their development are unlikely to implant and will degenerate. Early work on Rhesus monkeys indicated that the primate uterus was not hostile in the early phases to pre-compacted embryos and that the implantation window is very extended in primates compared with other large and small animals studied (Marston et al., 1977) . This made it possible to proceed successfully with IVF, embryo culture and embryo transfer in humans, utilizing pre-compacted embryos for embryo transfer. The first reports of successful IVF and embryo transfer in humans utilized synchronous transfers of day 2, two-cell embryos to the uterus (Edwards et al., 1980) . The use of early cleavage stage embryos for embryo transfer in human IVF came as a necessity due to the occurrence of developmental blocks and retardation when embryos are cultured in vitro for extended periods (Bavister, 1995; Leese, 1995; 1996a) . Human embryos have been reported to block between the 4-and 16-cell stages (Braude et al., 1988) . Only by growing embryos in vitro beyond this point can it be said unequivocally that they have not blocked. With an improved understanding of the needs of mammalian embryos in vitro, the development of improved culture systems (see Bavister 1995; Leese, 1995; Barnett and Bavister, 1996a) or the use of co-culture systems (Wiemer et al., 1989; Janny and Ménézo, 1996) more advanced stage human embryos can now be produced in vitro. However, with all these systems available only~50% of human embryos routinely develop to the blastocyst stage. This may be due more to the quality of the original oocyte or to its follicular environment than the culture system. Von Blerkom et al. (1995a Blerkom et al. ( , 1996 have shown that among other extrinsic factors, oocytes can be affected by the oxygen content of the follicle, that the follicle grows independently of the oocyte, but it has a profound influence on its potential to progress with normal development.
Early stage embryos rely primarily on oxidative phosphorylation for their energy needs with little glucose used in glycolysis (Barbenhenn et al., 1974 (Barbenhenn et al., , 1978 Leese, 1991 Leese, , 1995 Leese et al., 1993) . Human embryos use pyruvate preferentially in the first three to four cleavage divisions with a switch to glycolysis and glucose utilization at approximately the 16-cell stage (Hardy et al., 1989; Gott et al., 1990; Leese et al., 1993) . This is the time at which the embryo would normally enter the uterus. At the time of ovulation there is between 0.3 and 0.5 mM glucose in the oviduct compared with~3 mM in the uterus . Thus a switch from oxidative phosphorylation to glycolysis would coincide with increasing glucose availability.
Rodent embryos are very sensitive to glucose, experiencing absolute blocks in development in vitro if the concentration of glucose is unphysiological in the initial stages. These developmental blocks can be alleviated by the removal of glucose (Chatot et al., 1989) and/or inorganic phosphate (Lawitts and Biggers, 1991; Barnett and Bavister, 1996b; Scott and Whittingham, 1996) from the culture media. Human embryos are reported to develop in a wide range of glucose concentrations, with 0.5-5.0 mM glucose giving adequate development to at least the 8-cell stage of development (see Dawson et al., 1995) and~50% development to the blastocyst stage (Muggleton-Harris et al., 1995) . There are reports of increased development of human embryos to the blastocyst stage (Fitzgerald and DiMattinna, 1992) and increased rates of blastocyst development and implantation (Quinn et al., 1995) when glucose is omitted from the culture medium. However, a maximum of 50% blastocyst development was reported, which is equivalent to that obtained with higher glucose concentrations (Muggleton-Harris et al., 1995) or a co-culture system (Janny and Ménézo, 1996) . From these reports, it would appear that human embryos are less sensitive to glucose than mouse embryos, with equivalent development in 0-5.5 mM glucose. Replacing pronuclear human embryos into the uterine environment, which contains 3-5 mM glucose (Borland et al., 1977 (Borland et al., , 1980 Leese, 1988; Gardner et al., 1996) , does not decrease their ability to implant compared with culturing them to at least the 8-cell stage before embryo transfer, as shown by this study and previous reports (Ahuja et al., 1985; Quinn et al., 1990; Smith et al., 1993) .
The differences in the sensitivity to glucose between rodent and human embryos could be due to a difference in the mode of implantation. Human embryo implantation is mediated via 'intrusion penetration' (Enders, 1991) involving syncytiotrophoblast cell penetration of the surface epithelial cells, degradation of the epithelial cell gap junctions and reforming of gap junctions between syncytiotrophoblast cells and epithelial cells without apoptosis or epithelial sloughing (Lopata, 1996) , not resulting in an anoxic environment. Rodent implantation is by displacement penetration (Tabibzadeh and Babaknia, 1995) , involving the detachment of surface epithelial cells from the basement membrane, apoptosis of these cells and then phagocytosis by the invading trophoblast cells (Parr and Parr, 1989; Tabibzadeh and Babaknia, 1995; Lopata, 1996) which results in an anoxic environment. The low tolerance to high glucose concentrations, and the absolute switch to glycolysis, in rodents could be a means of keeping the embryos synchronous in those species in which there are multiple implantations. The implantation window in these species is small and the uterine environment accommodates embryos only for a very limited period. The less anoxic environment of the human uterus would allow early embryos to continue to utilize oxidative phosphorylation at a stage when glucose utilization through glycolysis is not possible due the lack of functional phosphofructokinase. This would present a less hostile environment and explain the success reported with pronuclear embryo transfers.
Another aspect of in-vitro culture that may be alleviated by pronuclear embryo transfer is that of zona hardening, which may contribute to lack of or delayed embryo hatching and thus reduced implantation rates. Gonzales and Bavister (1995) have demonstrated that in-vitro hamster embryos exhibited the accepted normal form of 'hatching' in which the blastocyst expands with the formation of a large blastocoel, the zona thins and the embryo escapes from the zona through a small hole. In contrast, they found that blastocysts derived in vivo had small blastocoels and were not expanded to fill the perivitiline space. Escape from the zona was through general dissolution of the zona. Zona pellucida hardening in mouse embryos in vitro has been associated with both length and conditions of culture (De Felici et al., 1985; Schroeder et al., 1990) . Further, in mice the zona 'disappears' or is lysed synchronously with hatching in vivo such that 'hatching' blastocysts are never seen (McLaren, 1970) . This 'zona hardening' has also been documented in human embryos in vitro but is alleviated to some extent by serum (Schiewe et al., 1995) . The improved implantation rates in some studies in which assisted hatching has been utilized was attributed to overcoming zona hardening. However, these data are inconsistent, with some studies showing improvement (Cohen et al., 1992) and others no effect (Bider et al., 1997) . Gonzales and Bavister (1995) speculated that zona escape in vivo was due more to uterine zona lysins and that in vitro the embryo produced proteolytic enzymes deployed are those that which would normally be involved in implantation. Although the actual mechanism of zona escape in the human blastocysts in vivo is unclear, it is probable that it is similar to both the mouse and hamster and that zona hardening in vitro does occur as with these two species. Thus, removal from culture as early as possible could improve the ability of the embryos to escape from the zona pellucida prior to implantation.
In conclusion, pronuclear embryo transfer on the day after oocyte retrieval and insemination is a viable and easy option for IVF practices. The morphology of pronuclear pre-embryos can be used as a selection criterion for embryo transfer with high implantation rates occurring when two or more embryos are available with juxtaposed pronuclei with nucleoli aligned at the pronuclear interface and a 'halo' effect to the cytoplasm. If there are fewer than 50% of pre-embryos with these characteristics, the pregnancy rates are very low. This may reflect poor oocyte or sperm quality or abnormal folliculogenesis. Oocytes recovered from cycles in which the oestradiol curve has fluctuated have very poor potential.
An IRB approved study is currently underway in our institution to correlate cytoplasmic appearance and mitochondrial distribution in human polyspermic embryos with subsequent cleavage. From this, it is hoped that more information regarding the appearance/morphology of pronuclear human embryos with high implantation potential can be ascertained. Attempts are also underway to alter the stimulation protocols of patients who routinely produce embryos with poor pronuclear morphology in an attempt to improve oocyte quality and increase their chances of conception.
